Introduction {#S1}
============

Fibroblast growth factor 23 (FGF23) is produced by osteocytes and possibly osteoblasts and acts on the kidney to increase renal phosphate excretion and to decrease 1,25-dihydroxyvitamin D (1,25D) production^[@R1]^. Enhanced FGF23 production is observed after dietary phosphate loading^[@R2],[@R3]^ and administration of parathyroid hormone (PTH)^[@R4]^ or 1,25D^[@R5]^. However, the most dramatic increases in FGF23 levels occur in patients with chronic kidney disease (CKD), in whom elevated FGF23 levels are independently associated with greater risks of death, cardiovascular events, progression to end-stage renal disease, and premature allograft loss after kidney transplant^[@R6]-[@R12]^. FGF23 increases during the early stages of CKD and its levels are hundreds- to thousands-fold above the normal range in patients with end-stage renal disease^[@R7],[@R13],[@R14]^.

While increased FGF23 levels early in the course of human and animal CKD are well documented^[@R14]-[@R17]^, the mechanisms triggering and perpetuating its rise are poorly understood. Traditional factors that stimulate FGF23 production, including intestinal phosphate absorption^[@R2],[@R5]^, high levels of 1,25D, and elevated PTH levels^[@R4],[@R18],[@R19],[@R20]-[@R22]^, may occur in CKD but rarely antedate the initial rise in FGF23. Deficiency of Klotho, the FGF23 co-receptor, in the diseased kidney^[@R23]^ may theoretically lead to FGF23 resistance and thus elevated FGF23 levels, although a temporal relationship whereby reduced Klotho expression precedes the rise in FGF23 levels has not been established in CKD.

Recent small studies reported FGF23 elevations in patients with acute kidney injury (AKI)^[@R24]-[@R26]^. In the one study that examined FGF23 and outcomes in AKI, elevated FGF23 levels were associated with significantly increased risk of death or need for dialysis^[@R26]^. However, those studies measured FGF23 after AKI was already established and thus could not provide insights into the mechanisms that might govern the FGF23 rise in AKI, including the effects of established modulators of FGF23 secretion, such as PTH, activated vitamin D metabolites, and phosphate.

Using wild-type and genetically manipulated mice, we investigated the time course of changes in FGF23 levels following induction of AKI and whether AKI-induced elevations of FGF23 are dependent on concomitant changes in serum phosphate or PTH- or 1,25D-dependent signaling events. Furthermore, we validated the rodent AKI data by examining the time course of changes in FGF23 levels in human AKI by measuring FGF23 levels before and at several time points after patients underwent cardiac surgery that either was or was not complicated by AKI.

Results {#S2}
=======

Folic acid induces AKI {#S3}
----------------------

Administration of high-dose, intraperitoneal folic acid (FA) causes AKI^[@R27],[@R28]^. In the current study, FA injection into CD1 mice led to an increase in blood urea nitrogen (BUN) from 21±1 to 118±9 mg/dl (p\<0.01) after 24 hours compared to no change in vehicle-injected animals ([Figure 1A](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Consistent with prior reports, the FA-injected animals remained non-oliguric, and excreted apparently dilute urine ([Figure 1B](#F1){ref-type="fig"}); they had an average weight loss of 4 ± 1% by 24 hours.

Consistent with severe renal injury, kidneys from FA-injected animals appeared pale and swollen ([Figure 1B](#F1){ref-type="fig"}), and showed tubular dilation, flattening and loss of tubular cells and interstitial edema ([Figure 1D](#F1){ref-type="fig"}). Kidneys from control animals showed no changes ([Figure 1C](#F1){ref-type="fig"}). FA-induced AKI resulted in hyperphosphatemia and elevated PTH levels, although total calcium levels remained unchanged in both groups ([Table 1](#T1){ref-type="table"}).

FGF23 levels increase in AKI {#S4}
----------------------------

Plasma FGF23 levels were measured with a mouse-specific assay detecting intact FGF23 and C-terminal fragments (cFGF23 assay)^[@R29]^. cFGF23 levels rose from 245±22 to 4500±562 pg/mL by 24 hours after AKI induction, but remained unchanged in control animals (307±19 pg/mL; [Table 1](#T1){ref-type="table"}). Similarly, FGF23 levels also rose from 136±6 to 2651±510 pg/mL when measured with an assay that detects only the intact hormone (iFGF23 assay) ([Table 1](#T1){ref-type="table"}). Since results obtained with cFGF23 and iFGF23 assays were highly correlated (r=0.97; p\<0.01, [Figure 2A](#F2){ref-type="fig"}), all subsequent analyses used the cFGF23 assay except where indicated.

To rule out non-specific effects of FA, we measured cFGF23 levels in C57BL/6 mice following induction of pigment nephropathy, another established rodent model of AKI^[@R30]^. Pigment nephropathy led to an increase in cFGF23 levels from 561±212 pg/ml to 2249±140 pg/mL by 24 hours, but levels remained unchanged in vehicle-injected animals ([Figure 2B](#F2){ref-type="fig"}). The different mouse strains likely account for the difference in baseline cFGF23 levels between mice with FA-versus pigment-induced nephropathy. These data indicate that the rise in FGF23 is related to AKI rather than its specific etiology.

FGF23 rises acutely following AKI {#S5}
---------------------------------

Since we found significant changes in FGF23 and other mineral metabolites by 24 hours, we investigated earlier changes in BUN, phosphate, and cFGF23 levels ([Figure 3](#F3){ref-type="fig"}). PTH levels were not assessed due to bleeding volume limitations. BUN and FGF23 levels first became significantly higher than control mice one hour after FA injection (cFGF23: 282±19 vs 186±20 pg/mL, p=0.004; iFGF23: two hours after FA injection [223±8 vs 130±8 pg/mL, p\<0.001]{.ul}; [Figure 3A, C, E](#F3){ref-type="fig"}). In contrast, serum phosphate levels first became significantly higher than controls at 2 hours ([Figure 3B](#F3){ref-type="fig"}) and plasma neutrophil gelatinase-associated lipocalin (NGAL), an established biomarker of renal injury^[@R31],[@R32]^, first became significantly higher 6 hours after AKI induction ([Figure 3D](#F3){ref-type="fig"}). NGAL also increased in control animals, which may reflect inflammation due to intra-peritoneal injection^[@R33]^. Based on these data, FGF23 rises earlier in the course of AKI than phosphate or NGAL.

Bone production of FGF23 increases in FA-induced AKI {#S6}
----------------------------------------------------

To determine whether increased FGF23 levels in AKI are due to increased production, we assessed bone FGF23 levels 24 hours after inducing AKI. Immunohistochemical analysis revealed increased FGF23 staining in the femoral cortex of AKI animals compared to controls (2.25±0.41 vs. 1.13±0.30, p\<0.05; [Table 2](#T2){ref-type="table"}, [Figure 4A](#F4){ref-type="fig"} inset). Staining was patchy, which is similar to wild-type mice^[@R34]^ and humans with increased bone FGF23 production due to CKD or genetic defects^[@R35],[@R36]^. There was no correlation, however, between cortical scores and plasma cFGF23 levels.

To directly assess FGF23 expression in bone, we analyzed FGF23 protein by Western blot after immunoprecipitation from femur lysates of vehicle or FA-injected mice^[@R29]^ ([Figure 4B](#F4){ref-type="fig"}). When using actin in the lysate as a loading control for densitometry evaluation, bone FGF23 levels in mice with AKI were approximately 2-fold elevated compared to bones from control mice, which is consistent with the cortical scoring above (p=0.03).

FGF23 has a modestly longer half-life in AKI {#S7}
--------------------------------------------

To determine whether impaired FGF23 elimination contributes to the elevated levels observed in AKI, recombinant human FGF23 (rhFGF23) was injected intravenously into the tail vein of AKI and control mice 24 hours after intraperitoneal injection of FA or vehicle, and plasma FGF23 was measured 5, 15, 30, 60, and 120 minutes thereafter using a human assay that does not cross-react with mouse FGF23. rhFGF23 disappeared less rapidly from the circulation in AKI than in control animals, but the half-life was only 50% prolonged (33 vs. 22 minutes, [Figure 5A](#F5){ref-type="fig"}, p=0.01). Furthermore, although higher absolute levels of immunoreactive FGF23 were initially found in the circulation of AKI mice (97,200±7,800 vs 37,300±5,850 RU/mL in control), most of the injected rhFGF23 had been cleared by 120 minutes post-injection (8% vs 3% remaining, [Figure 5B](#F5){ref-type="fig"}).

FGF23 levels rise in AKI independent of PTH receptor signaling {#S8}
--------------------------------------------------------------

In a rat model of early CKD, the PTH-associated increase in FGF23 production was prevented by parathyroidectomy ^[@R4]^. To determine whether PTH signaling at the PTH/PTHrP receptor (PPR) is required for the AKI-induced increase in plasma FGF23 levels, we injected FA into mice with osteocyte-specific ablation of the PPR (PPR-cKO), which show no obvious changes in mineral ion homeostasis at baseline ^[@R37]-[@R39]^. 24 hours after FA-injection, the increase in FGF23 levels was indistinguishable in PPR-cKO and control littermates (5863±187 vs 5013±627 pg/mL) ([Figure 6A](#F6){ref-type="fig"}); the changes in BUN and phosphate were also indistinguishable between groups ([Table 3](#T3){ref-type="table"}). These results indicate that the AKI-induced increase in plasma FGF23 levels occurs independently of PPR activation in osteocytes.

To investigate whether PTH signaling in cells other than osteocytes may contribute to increased FGF23 levels during AKI, we analyzed PTH-null mice receiving high-calcium intake to maintain normal serum calcium levels. When treated with FA, FGF23 levels rose in these animals from 185±30 to 1860±489 pg/mL ([Table 3](#T3){ref-type="table"}, [Figure 6A](#F6){ref-type="fig"}). Thus, PTH-ablation did not prevent the major elevation of FGF23 levels in response to AKI induction.

FGF23 levels rise in AKI independent of vitamin D levels and signaling {#S9}
----------------------------------------------------------------------

1,25D treatment increases bone FGF23 production^[@R5],[@R40],[@R41]^. To test whether the AKI-induced increase in FGF23 is 1,25D-dependent, we measured 1,25D levels in mice with and without AKI, and repeated the FA experiments in vitamin D receptor (VDR)-null mice. There was no difference in mean plasma 1,25D levels between AKI and control animals 24 hours after FA-injection (144±18 vs 126±23 pg/mL) when FGF23 levels were already more than 10-fold higher. VDR-null mice maintained on a rescue diet showed normal serum phosphate, calcium, and PTH levels, but their iFGF23 levels were previously found to be 2- to 3-times higher than those of WT littermates^[@R42],[@R43]^. FGF23 levels increased from 614±129 pg/mL to 5972±150 pg/ml (p\<0.001) with AKI in the VDR-null mice ([Table 3](#T3){ref-type="table"}, [Figure 6A](#F6){ref-type="fig"}). These data indicate that the rise in FGF23 levels in AKI occurs independently of 1,25D levels and VDR activation.

FGF23 levels rise in AKI independent of dietary phosphate {#S10}
---------------------------------------------------------

Dietary phosphate loading increases FGF23 levels in mice and humans^[@R2],[@R3],[@R43],[@R44]^. To test whether a low phosphate intake and resulting hypophosphatemia can prevent the dramatic increase in FGF23 levels in AKI, we examined animals maintained on a normal (0.4% Pi) or low phosphate diet (0.02% Pi) for 7 days prior to induction of AKI. By the end of this induction period, serum phosphate and plasma cFGF23 levels were significantly lower in mice fed the low phosphate diet (phosphate: 4.0±0.3 vs. 6.2±0.3 mg/dL, p\<0.01; cFGF23: 92±13 pg/mL vs. 226±16 pg/mL, p\<0.01; [Table 4](#T4){ref-type="table"}).

Twenty-four hours after inducing AKI, phosphate levels rose in the low phosphate diet group to 7.6±0.8 mg/dL, which was accompanied by an almost 30-fold increase in plasma cFGF23 levels to 2682±296 pg/ml. This relative increase in plasma cFGF23 concentration was greater than that observed in animals on the normal phosphate diet (17-fold) ([Table 4](#T4){ref-type="table"}, [Figure 6B](#F6){ref-type="fig"}). The increases in cFGF23 and iFGF23 levels were comparable, and could not be prevented by switching mice to the low phosphate diet after FA injection (data not shown). Thus, neither a low phosphate diet nor a low serum phosphate level abrogated the major increase in plasma FGF23 levels in AKI.

FGF23 levels rise in humans with AKI following cardiac surgery {#S11}
--------------------------------------------------------------

Finally, we aimed to validate the human relevance of our finding of early and marked increases in FGF23 levels in mice with AKI. Elective cardiac surgery is the optimal clinical setting to prospectively assess biomarkers of human AKI since kidney function is routinely assessed pre- and post-operatively, and rates of AKI are high. We measured cFGF23 levels before and after cardiac surgery in 14 patients, 4 of whom developed AKI, which was defined as a ≥50% increase in serum creatinine (sCr) within 5 days post-operatively.

Baseline clinical characteristics of cases and controls are presented in [Table 5](#T5){ref-type="table"}. cFGF23 levels rose significantly during the post-operative period in both AKI cases and controls ([Figure 7](#F7){ref-type="fig"}), but were significantly higher in the AKI cases beginning at 24 hours post-operatively and at all subsequent time-points. Although sCr also increased significantly by 24 hours, the observed 1.4-fold change was of substantially smaller magnitude than the simultaneous 15.9-fold increase in cFGF23. Consistent with our animal data, these results suggest that FGF23 levels rise early in the course of AKI following cardiac surgery, often before major decrements in renal function are detected.

Discussion {#S12}
==========

Acute kidney injury, which affects 5-7% of hospital admissions in the United States, is associated with increased risk of in-hospital mortality,^[@R45],[@R46]^ and confers greater risks of developing CKD, ESRD, and death long after the initial AKI episode has resolved^[@R47]-[@R49]^. In the present study, we showed that there is a rapid, early increase in circulating FGF23 levels in [two]{.ul} animal models of toxin-induced AKI. In FA-induced AKI, the increase in FGF23 occurred independent of PTH, dietary and serum phosphate, plasma 1,25D levels, VDR activation, and PPR signaling in osteocytes. These observations were supported by complementary human data, which demonstrated that FGF23 levels rose early in patients who developed AKI following cardiac surgery compared to those who remained free of AKI.

Circulating FGF23 levels began to increase within one hour of AKI induction in mice. This was earlier than the increase in NGAL, which is an established biomarker of AKI. Since FGF23 levels correlate with eGFR^[@R50],[@R51]^ and are lower in dialysis patients with residual renal function,^[@R52],[@R53]^ one could hypothesize that the early increase in FGF23 may be due to an acute reduction in renal clearance of FGF23.^[@R13]^ However, the modestly increased half-life of intravenously administered rhFGF23 in mice with AKI compared to controls cannot explain the markedly elevated circulating levels. This suggests that despite the strong inverse correlation between FGF23 and GFR, impaired renal FGF23 clearance is not a primary mechanism for elevated FGF23 levels in states of reduced kidney function, as has been previously suggested^[@R52]^. In fact, immunohistochemical [and Western blot]{.ul} analyses of bones confirmed increased bone production of FGF23, as observed in previous human and animal studies of CKD^[@R16],[@R35]^. Collectively, these data suggest that increased production rather than decreased elimination accounts for elevated FGF23 levels in AKI and likely CKD.

Although bone production of FGF23 was significantly increased in AKI by 24 hours, the magnitude of increase in circulating FGF23 levels was out of proportion to the change in bone expression. This has been observed previously in other mouse models of kidney disease.^[@R16],[@R54]^ Perhaps relatively small increases in FGF23 expression by individual osteocytes distributed throughout the skeleton account for the substantial increases in systemic levels. Alternatively, kidney disease could theoretically activate production of FGF23 by other tissues that are known to produce FGF23 in the fetal period, such as liver, spleen, heart, and brain, as suggested by the finding of small amounts of FGF23 mRNA in extraskeletal sites^[@R55]^. Furthermore, the extremely rapid increase in FGF23 within 1 hour is unlikely to be solely due to increased FGF23 transcription. This raises the possibility that stored, preformed hormone could have been released. Alternatively, perhaps AKI acutely reduces intracellular degradation of constitutively transcribed FGF23 within osteocytes. This potential mechanism could explain the high correlation between cFGF23 and iFGF23 levels in this study and the absence of circulating C-terminal FGF23 fragments in a previous study of patients with end-stage renal disease^[@R56]^. These findings contrast sharply with those from healthy individuals and in states of iron deficiency in which enhanced FGF23 transcription is matched by intracellular degradation leading to normal iFGF23 but high levels of C-terminal fragments.^3056^

Our findings that the FGF23 elevation in AKI occurs independent of PTH-signaling may seem at odds with recent data showing that parathyroidectomy prevents the rise in circulating FGF23 in early CKD models (4-7 days on adenine diet).^[@R4],[@R19]^ However, the mechanisms leading to the rise in FGF23 hours after AKI induction may be different from those that occur over days to weeks, in animal models of CKD induced by adenine or 5/6 nephrectomy. Furthermore, acute parathyroidectomy may have effects on bone metabolism that alter signaling in osteocytes and osteoblasts that produce FGF23^[@R57],[@R58]^, but are not observed in genetically modified animals on stable rescue diets and compensated bone physiology.

Our observation that AKI increases FGF23 levels in the absence of VDR signaling suggests that vitamin D-dependent mechanisms do not contribute significantly to the transcriptional regulation of FGF23 when renal function is acutely impaired. We were unable to investigate whether other pathways shown to regulate FGF23 expression on other settings, such as the Wnt^[@R59]^ or FGF signaling pathways^[@R54]^, may also contribute to FGF23 elevation in AKI, which is unknown. Recently, Klotho deficiency was described in AKI in both rodents and humans^[@R31]^ and Klotho protein levels decreased in plasma and kidney by 3 hours after ischemia-reperfusion injury in rats.^[@R31]^ Thus, while Klotho deficiency may contribute to the FGF23 elevation in AKI, it is unlikely to contribute to the very early increases that we detected already at 1 hour after FA injection.

A low phosphate diet did not prevent the increase in serum phosphate levels in AKI. However, despite lower levels of phosphate and FGF23 at baseline, FGF23 increased \~30-fold within 24 hours after induction of AKI in the low phosphate group, which was significantly greater than the \~17-fold increase in mice on the control diet. These data suggest that the absolute level of serum phosphate does not govern FGF23 levels in AKI, since the peak serum phosphate levels in the low phosphate group (7.6 mg/dL) were similar to the baseline level in the normal phosphate group (6.8 mg/dL). It is nevertheless possible that the relative increase but not the baseline serum phosphate level modulates FGF23 production.

By using an AKI model, and thus a novel physiological state of renal dysfunction, we have been able for the first time to show that in addition to the currently known regulators of FGF23 (PTH, vitamin D, phosphate), other mechanisms and regulators likely play a role in controlling FGF23 production or stability in AKI and possibly in CKD.

Consistent with the experimental data, FGF23 levels rose acutely in patients undergoing cardiac surgery who developed AKI, even prior to the rise in serum creatinine. Interestingly, FGF23 levels also rose post-operatively in patients who did not develop AKI, albeit to a lesser extent. While further investigation is needed to determine the mechanisms underlying the acute post-operative rise in FGF23 levels in patients who did not develop AKI, we hypothesize that a systemic inflammatory response to surgery may have contributed^[@R60]^. We recently reported that FGF23 levels are increased in patients with critical illness, with and without AKI, and that elevated FGF23 is strongly associated with higher levels of inflammatory markers in CKD patients^[@R26],[@R61]^.

Our studies have several limitations. Changes in PTH beyond the 24-hour period, or Klotho protein in circulation or urine were not assessed partly due to limitations in the amount of blood volume that can be collected from mice. Additionally, our experiments with PTH-null mice did not allow us to determine if the FGF23 levels in mice with AKI were partially attenuated and only a small cohort of patients undergoing elective cardiac surgery was investigated for AKI-induced changes in FGF23 levels. We were also unable to determine whether the epidemiologic association between elevated FGF23 and mortality in AKI^[@R26]^ is driven by elevated FGF23 acting as a marker of disease severity or whether it exerts end-organ toxicity that contributes directly to adverse clinical outcomes.

Despite these limitations, our work suggests that FGF23 could serve as a novel biomarker of AKI. Additional studies are needed to dissect mechanisms contributing to changes in FGF23 secretion in AKI and to define the predictive utility of FGF23 as a novel early biomarker of AKI and perhaps, novel risk factor underlying the transition from AKI to CKD.

Materials and Methods {#S13}
=====================

Experimental Animals {#S14}
--------------------

Male animals were studied. CD1 and C57BL/6 mice at 11-13 weeks of age (Charles River Laboratories, Wilmington, MA) were fed regular chow (1%Ca, 0.44%non-phytate phosphorus) or a low phosphate diet (0.6%Ca, 0.02%Pi) or a control diet (0.6%Ca, 0.4%Pi; Harlan Laboratories, Madison, WI). Animals were housed in the Center for Comparative Medicine at the Massachusetts General Hospital, and experiments were done in accordance with the hospital's Subcommittee on Research Animal Care standards.

Additional animal strains, crossed into the C57BL/6 background, and genotyped using published protocols^[@R37],[@R38],[@R43]^ included: 1) Mice homozygous for floxed exon 1 of PPR (fl/fl-PPR) and expressing the Cre recombinase under the control of the 8-kb DMP1 promoter resulting in ablation of the PPR in osteocytes (PPR-cKO); fl/fl-PPR littermates served as controls. 2) Mice with homozygous ablation of exon 3 of PTH; animals ate regular chow and drinking water was supplemented with 1% calcium gluconate. 3) Mice with homozygous ablation of exon 3 of the VDR; animals ate a rescue diet (20% lactose, 1.25%Pi, and 1%Ca, Harlan Laboratories); wild-type littermates served as controls.

AKI induction {#S15}
-------------

AKI was induced by a single intraperitoneal injection (IP) of FA (240mg/kg in vehicle: 0.15M NaHCO3, pH 7.4). Control animals were injected with vehicle. Animals were sacrificed after 24 hours by isofluorane inhalation and cervical dislocation, and organs harvested within minutes of sacrifice. For the rhabdomyolysis experiment, animals were injected intramuscularly into the hind legs with 50% glycerol in PBS or PBS according to published protocols^[@R30]^, and sacrificed as above.

Histological and Western blot analysis {#S16}
--------------------------------------

Kidneys were fixed in 4% paraformaldehyde and processed for paraffin embedding. Femurs were dissected and fixed in 70% ethanol for fixation and subsequent embedding into methylmethacrylate. Immunohistochemical detection of FGF23 in bone^[@R62]^ was detected using an affinity-purified polyclonal goat anti-mouse FGF23(225--244) (Immutopics, San Clemente, CA)^[@R35]^. A single blinded investigator scored low-power images using a scale of 0 to 3+.

Whole femur lysates were obtained from animals 24 hours after FA or vehicle injection and analyzed for FGF23 expression using the protocol of Farrow et al.^[@R29]^. Densitometry of FGF23 or actin bands was performed using Alphaimager (ProteinSimple, Santa Clara, CA).

Biochemical analysis for animal studies {#S17}
---------------------------------------

Biochemical analyses were done on blood samples collected from the tail-vein or intracardiac puncture. Phosphate was measured by the Phospha-C test (Wako, Osaka, Japan);BUN by a colorimetric assay (Stanbio Laboratories, Boerne, TX). ELISAs were used for PTH and mouse cFGF23 (Immutopics, San Clemente, CA), iFGF23 (Kainos, Tokyo, Japan), 1,25D (IDS, Fountain Hills, AZ), and plasma NGAL (R&D systems, Minneapolis, MN).

FGF23 injection {#S18}
---------------

RhFGF23 (R&D systems) in PBS was injected at 40ug/kg via tail vein injection into animals 24 hours after either FA or vehicle injection. Plasma samples were collected 5, 15, 30, 60, and 120 minutes after injection. FGF23 was measured after 1:100 dilution using a human cFGF23 ELISA (Immutopics, San Clemente, CA).

Statistical analysis for animal experiments {#S19}
-------------------------------------------

Differences between treatment groups were performed using the two-tailed Student's t-test. Results were considered significant if p\<0.05. Values are expressed as means ±SEM.

Human AKI study {#S20}
---------------

The Brigham and Women's Hospital-AKI study is a prospective cohort of study patients undergoing cardiac surgery. Inclusion criteria include age ≥18 years and ≥2 of the following: baseline eGFR \<60 ml/min/1.73m^2^; diabetes; ejection fraction ≤40%; previous cardiac surgery; combined bypass and valve procedure; urgent procedure; and pre-operative balloon pump. Exclusion criteria include preexisting AKI (\>0.5 mg/dl increase in sCr over baseline); sCr \>4.5 mg/dl; dialysis; renal transplantation; pregnancy; and recent aminoglycoside use. Daily samples plasma samples were collected before and up to 8 days after AKI onset. The study was approved by the institutional review board at Brigham and Women's Hospital and all patients provided written informed consent.

We performed a nested case-control study, defining AKI as a ≥50% rise from baseline in sCr within 5 days. We measured cFGF23 in plasma samples obtained pre-operatively, intra-operatively, on ICU arrival; and on post-operative days 1 and 2. Statistical analysis of cFGF23 levels of patients who did or did not develop AKI was done using the Mann-Whitney test (MedCalc Software, Mariakerke, Belgium).

This work was supported by grants from the NIH; K08 DK93608 to MC and by PO1 DK11794, subproject IV to HJ. MC would like to thank Drs. R.I. Thadhani and J.T. Potts, Jr. for their invaluable support and A. Maeda and B. Yu for technical assistance.
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![Folic acid (FA)-induced acute kidney injury model. A. Plasma BUN levels (mg/dl) at time 0 and 24 hours after FA or vehicle injection, N=6-8, mean±SEM (two independent experiments) B. Upper panel: gross view of kidneys 24 hours after vehicle or FA injection; white arrow points to paler swollen kidneys after FA injection; lower panel: urine collections from 4 vehicle or FA injected animals; note the pale urine from FA injected mice. C and D. Renal histology of kidneys harvested 24 hours after vehicle (panel C) or FA injection (panel D); H&E 20× magnification.](nihms-463901-f0001){#F1}

![FGF23 levels increase after induction of AKI independent of mode of renal injury A. Comparison of values obtained from plasma samples measured with a mouse-specific cFGF23 ELISA (cFGF23) and an intact ELISA that detects human and mouse FGF23 (iFGF23). R2 coefficient = 0.967, p\<0.01; N=25, 6 samples with AKI. B. FGF23 levels increase in different models of AKI. FA=folic acid nephropathy, N=13-16; [Rhabdo=pigment nephropathy, N=2-3]{.ul}. Shown are means of fold increase over an average baseline of t=0 FGF23 levels for the model. FA control shows average change in FGF23 levels in vehicle-injected animals. \*Indicates p value \<0.05 compared to FA at t=0.](nihms-463901-f0002){#F2}

![FGF23 levels rises early after renal injury. Time course data were obtained from time 0, 1, 2, 4, 6, and 8 hours after FA or vehicle injection. N=7-9 for time-points 0-4, and N=3-5 for time points 6 and 8; shown are mean values ±SEM from two independent experiments. \*Indicates the earliest time point at which a significant difference between FA (solid line) and vehicle (dotted line) injected animals was observed. A. Plasma BUN levels (mg/dL). B. Plasma phosphate levels (mg/dL). C. Plasma iFGF23 levels (pg/mL). D. Plasma NGAL levels (ng/mL). E. Plasma cFGF23 levels (pg/mL).](nihms-463901-f0003){#F3}

![FGF23 levels are increased in bone of AKI mice. A. Immunohistochemistry of femurs using an anti-FGF23 antibody. Shown are low-power images of cortical bone from FA injected (upper panel) or vehicle-injected (lower panel) animals. 4× magnification. Inset shows 40× magnification of cortical bone. N=8 in each group. Second inset shows average cortical staining (scale of 0-3+) for FGF23 in vehicle or FA-injected animals. N=6-7 \*p\<0.05. B. Western blot of femur lysates after immunoprecipitation with anti-FGF23 antibody. Upper panel, anti-FGF23 antibody, lower panel, actin antibody. 2 independent experiments, N=6 in each group, (vehicle, FA). Graph shows band densitometry of FGF23/actin.](nihms-463901-f0004){#F4}

![Half-life of recombinant human FGF23 in animals with AKI or control mice. Left panel shows hFGF23 levels at different time points after IV rhFGF23 injection. Right panel shows percent remaining of the initial value. N=3 ctl, N=5 AKI, \*p\<0.05 compared with vehicle-injected mice.](nihms-463901-f0005){#F5}

![FGF23 elevation in AKI under different conditions. Shown are means of fold increase over an average baseline of t=0 FGF23 levels for the genotype used or condition used. Shown are average increases in FGF23 levels at 24hrs over baseline. A. FGF23 levels in genetically modified animals. PPR-cKO=animals with osteocyte-specific deletion of the PPR, N=7; PTH-null=animals with deletion of the coding region for the mature PTH protein, N=5; VDR-null=animals with deletion of exon 3 of the vitamin D receptor, N=4. For comparison, WT control shows average change in FGF23 levels in vehicle injected WT animals. B. FGF23 levels in animals on control and low phosphate diets (ctl Pi and low Pi). N=4-10. \*p\<0.05 compared with baseline.](nihms-463901-f0006){#F6}

![Plasma FGF23 levels rise in surgical patients with AKI. Shown are fold elevation of FGF23 levels (upper panel) and fold elevation of creatinine (lower panel) measured pre-operatively, intra-operatively, on ICU arrival, and daily for 2 days post-operatively in 14 cardiac surgery patients at the Brigham and Women's Hospital AKI Cohort. In comparison to the findings in 10 control patients, FGF23 levels rose significantly in all 4 participants who developed AKI (p\<0.05). The dashed line in the lower panel represents 50% increase in creatinine from baseline, defining AKI.](nihms-463901-f0007){#F7}

###### 

Effects of FA-induced acute kidney injury on animals maintained on a 3 standard phosphate diet.

  -----------------------------------------------------------------------------------
                   T=0             T=24 hours\     T=24 hours\        P value T=24\
                                   vehicle         FA                 vehicle vs FA
  ---------------- --------------- --------------- ------------------ ---------------
  BUN (mg/dL)      21±1\           19±2\           118±9\             \<0.01
                   (N=13)          (N=6)           (N=8)              

  Phosphate\       6.7±0.2\        6.4±0.3\        11.2±1.4\          \<0.05
  (mg/dL)          (N=21)          (N=11)          (N=12)             

  Calcium\         8.1±0.3\        8.4±0.5\        8.2±0.8\           NS
  (mg/dL)          (N=8)           (N=4)           (N=4)              

  cFGF23\          245±22\         307±19\         4500±562\          \<0.01
  (pg/mL)          (N=17)          (N=13)          (N=16)             

  [iFGF23]{.ul}\   [136±6]{.ul}\   [121±7]{.ul}\   [2651±510]{.ul}\   [\<0.01]{.ul}
  [(pg/mL)]{.ul}   [(N=9)]{.ul}    [(N=5)]{.ul}    [(N=5)]{.ul}       

  PTH (pg/mL)      127±33\         85±38\          1359±320\          \<0.05
                   (N=10)          (N=7)           (N=7)              
  -----------------------------------------------------------------------------------

Shown are mean±SEM (number of animals). Means for BUN, phosphate, 7 cFGF23 and PTH are from two or more independent experiments. P value 8 shown is for vehicle-injected versus FA-injected animals at 24 hours post9 injection.

FA = folic acid; BUN = blood urea nitrogen; PTH = parathyroid hormone

###### 

Summary of FGF23 protein expression by immunohistochemistry 1 of 2 plastic-embedded femur sections from FA- and vehicle-injected animals.

  -----------------------------------------------------
  Femur area\         Treatment   p value      
  examined                                     
  ------------------- ----------- ------------ --------
  [Cortex]{.ul}                                

    Average\          2.25±0.41   1.125±0.30   \<0.05
    score                                      

    Positive\         7/8         6/8          
    samples                                    

                                               

  [Trabeculae]{.ul}                            

    Average\          1.25±0.67   0.5±0.19     0.30
    score                                      

    Positive\         3/8         4/8          
    samples                                    
  -----------------------------------------------------

Cortical staining was scored on a scale of 0 to 3+. Trabecular staining was scored by counting the number of osteocytes positive for FGF23 in the whole section. Two animals had neither cortical nor trabecular staining (both vehicle-injected); all others had either cortical or trabecular staining or both detectable (i.e. at least a 1+ score in cortex or 1 positive osteocyte in the trabecular area). Average staining shown are mean±SEM. P value is for vehicle-injected versus FA-injected animals. (N=8 animals for each group).

###### 

Effects of AKI on genetically 1 modified animals

  -----------------------------------------------------------------
  Experimental\   Parameter     T=0          T=24\       P value\
  condition                                  hours AKI   T=24 vs\
                                                         t=0
  --------------- ------------- ------------ ----------- ----------
  PPR-cKO         BUN (mg/dL)   14±2\        135±8\      \<0.01
                                (N=6)        (N=7)       

  Phosphate\      5.49±0.5\     21.1±1.9\    \<0.01      
  (mg/dL)         (N=7)         (N=7)                    

  cFGF23\         324±28\       5013±626\    \<.01       
  (pg/mL)         (N=7)         (N=7)                    

  VDR-null        BUN (mg/dL)   20.2±4.3\    175±9.2\    \<0.01
                                (N=3)        (N=4)       

  Phosphate\      6.2±0.7\      16.6±2.8\    \<0.05      
  (mg/dL)         (N=3)         (N=4)                    

  cFGF23\         584±135\      5912±149\    \<0.01      
  (pg/mL)         (N=4)         (N=4)                    

  PTH-null        BUN (mg/dL)   27.2±12.2\   154±69\     \<0.01
                                (N=5)        (N=5)       

  Phosphate\      NA            25±11.2\     NA          
  (mg/dL)                       (N=4)                    

  cFGF23\         185±30\       1860±489\    \<0.01      
  (pg/mL)         (N=8)         (N=5)                    
  -----------------------------------------------------------------

Shown are mean±SEM (number of animals). P value shown is for baseline (t=0) 4 versus 24 hours post-injection in FA-injected animals. NA=not available. 5 FA = folic acid; BUN = blood urea nitrogen

###### 

Effects of AKI on animals on low and normal 1 phosphate diets

  ------------------------------------------------------------------------------------------------------------------------------
  Experimental\   Parameter                                   T=0                                         T=24\       P value\
  condition                                                                                               hours AKI   T=0 vs.\
                                                                                                                      T=24
  --------------- ------------------------------------------- ------------------------------------------- ----------- ----------
  Control\        BUN (mg/dL)                                 26±1\                                       117±13\     \<0.01
  phosphate\                                                  (N=4)                                       (N=4)       
  diet                                                                                                                

  Phosphate\      6.2±0.3\                                    13.5±1.3\                                   \<0.01      
  (mg/dL)         (N=9)                                       (N=9)                                                   

  cFGF23\         226±16\                                     4530±417\                                   \<0.01      
  (pg/mL)         (N=9)                                       (N=9)                                                   

  Low\            BUN (mg/dL)                                 23±2\                                       98±11\      \<0.01
  phosphate\                                                  (N=6)                                       (N=9)       
  diet                                                                                                                

  Phosphate\      4.0±0.28[\*](#TFN6){ref-type="table-fn"}\   7.6±0.83[\*](#TFN6){ref-type="table-fn"}\   \<0.01      
  (mg/dL)         (N=12)                                      (N=14)                                                  

  cFGF23\         90±13[\*](#TFN6){ref-type="table-fn"}\      2682±296[\*](#TFN6){ref-type="table-fn"}\   \<0.01      
  (pg/mL)         (N=13)                                      (N=14)                                                  
  ------------------------------------------------------------------------------------------------------------------------------

Shown are mean±SEM (number of animals). Low phosphate results represent 3 4 independent experiments; control phosphate 2 experiments. Diets have 5 controlled protein source and are otherwise equivalent except for the phosphorus 6 levels of 0.4% (control) or 0.02% (low). P value shown is for baseline (t=0) 7 versus 24 hours post-injection in FA-injected animals.

=p\<0.01 comparing 8 between-group differences between mice on a control vs. low phosphate diet. A 9 = folic acid; BUN = blood urea nitrogen

###### 

Baseline characteristics of BWH-AKI cardiac surgery cohort. For details on eligibility criteria see methods.

  ------------------------------------------------------------
                            AKI\              Controls\
                            N=4               N=10
  ------------------------- ----------------- ----------------
  Age (years ±SD)           75±8              75±8

  \% Female (n)             25 (1)            10 (1)

  Baseline creatinine\      1.45 (0.5-1.96)   1.0 (0.42-1.2)
  (median mg/dL, range)                       

  Baseline FGF23 (median\   98 (56-130)       100 (42-2465)
  RU/mL, range)                               

  \% CABG + valve (n)       50 (2)            20 (2)

  \% Valve (n)              25 (1)            70 (7)

  \% CABG (n)               0 (0)             10 (1)

  \% Other (n)              25 (1)            0 (0)

  Bypass time (min ± SD)    150 ± 44          144 ± 64
  ------------------------------------------------------------

Some patients had both CABG and valve surgery. Surgeries were either elective or urgent; none were emergent.

AKI = acute kidney injury; CABG = coronary artery bypass graft
